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 Adrenal chromaffin cells serve as an excellent model of neural-type cells to 
understand how a novel electric stimulus, high intensity, nanosecond electric pulses can 
be applied to evoke exocytosis without causing adverse effects. These electric pulses of 5 
nanosecond duration and high field intensity (7 MV/m) evoke the release of 
catecholamines epinephrine (EPI) and norepinephrine (NE). Studies evaluating the 
effects of delivering multiple nanosecond electric pulses on catecholamine release lay the 
foundation for the potential clinical application of nanoelectropulses as a new type of 
neuromodulation approach to treat Parkinson’s disease. The present study assessed the 
effects of multiple 5 nanosecond pulses with specific pulse parameters (number and 
frequency) on stimulating NE and EPI release, which was determined by using high 
performance liquid chromatography coupled with electrochemical detection. The results 
from this study as a whole suggested that as pulse number increased, there was an 
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 Neurological disorders often rely on drugs as a form of treatment. However, 
delivering electric pulses to the brain to alter neurotransmitter release, i.e., 
electromodulation, has also been useful for alleviating symptoms in patients who do not 
respond to drugs. One of the most effective electromodulation approaches is achieved by 
a pulse generator that delivers electric pulses to surgically implanted electrodes in the 
brain. This approach, known as deep brain stimulation, is increasingly being used in 
treating Parkinson’s disease. However, this method is invasive and may cause unwanted 
side effects. A new type of electric stimulus, high intensity (>1 megavolt-per-meter: 
MV/m) pulses of nanosecond duration has the potential to be developed for minimally 
invasive/non-invasive electrostimulation to replace existing invasive electromodulation 
methods. 
 The ability to deliver high intensity electric pulses of nanosecond duration to 
biological targets has been achieved only within the past decade and recent studies using 
adrenal chromaffin cells indicate the potential application of electric pulses for 
neuromodulation that involves stimulating neurotransmitter release. Adrenal chromaffin 
cells are neuroendocrine cells found in the medulla of the adrenal gland. These cells, 
which release the catecholamines epinephrine (EPI) and norepinephrine (NE), come from 
the neural crest and serve as an excellent model of neural-type cells because of their 
similarities to sympathetic neurons. Using adrenal chromaffin cells, Craviso et al. (2009) 
showed that a single 5 ns, 5 MV/m pulse stimulates the release of the catecholamines EPI 
and NE in absence of adverse effects and in a manner that mimics the process by which 
catecholamine release is stimulated in vivo by the neurotransmitter acetylcholine. The 
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mechanism involves an increase in intracellular calcium via activation of voltage-gated 
Ca2+ channels (Vernier et al., 2008; Craviso et al., 2009, 2010). However, when up to 
five pulses are applied at either low (1 and 10 Hz) or high (1 kHz) rates, the cells become 
refractory to further stimulation. That is, the cells no longer undergo an increase in 
intracellular calcium level. The extent to which the catecholamine release is affected by 
multiple pulses is not yet fully understood. 
Investigation of pulse parameters for reproducibly stimulating release of 
catecholamines will provide a better understanding of the potential use of nanosecond 
pulses for neuromodulation in clinical applications to replace invasive procedures such as 
deep brain stimulation.  The main objectives of addressing the minimum amount of time 
necessary between pulses to evoke reproducible secretory responses, the extent to which 
catecholamine release is stimulated by multiple pulses applied at different rates 
(frequencies), and the length of the refractory period after 5 pulses are applied, were the 
goals of the study by using high performance liquid chromatography (HPLC) coupled 
with electrochemical detection to measure catecholamine release. However, these goals 
were not fully met. Instead, the goal of this study was confined to exploring the effects of 
pulse number and pulse repetition rate (frequency) on catecholamine release.  
Literature Review 
 This study investigated the effects of multiple 5 ns pulses on evoking 
catecholamine release, which may contribute to the knowledge of using this novel type of 
stimulus for future clinical applications in neuromodulation. Studies involving the 
delivery of high intensity electric pulses of nanosecond duration have been investigated 
within the past decade. Therefore, it seems necessary to review the clinical application 
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using electric fields in general, and why research involving nanoelectropulses as a new 
type of stimulus is important. 
Use of Electric Fields in the Clinic to Stimulate Excitable Tissue 
 Using electric pulses as a means of stimulating biological targets to evoke a 
desired response has been well known in medicine. As an example, electric pulses 
delivered via implanted electrodes played an important role in treating cardiac 
arrhythmias (Mirams et al., 2012). In addition, Dostrovsky and Lozano (2002) 
investigated electrical stimulation of neural tissue by electrodes implanted in the brain 
(deep brain stimulation) for treating neurological disorders, such as Parkinson’s disease. 
This procedure has now become widely accepted for treating Parkinson’s disease in 
patients who do not respond to drugs or cannot tolerate drug treatment. In fact, the list of 
potential clinical uses for deep brain stimulation has been growing to include alleviating 
pain and depression (Campbell et al., 2012). However, the use of electric fields in the 
case of both cardiac and brain stimulation would be greatly advanced if less-invasive or 
even non-invasive methods of electric field delivery could be developed. 
Uses of Electric Fields in Research and in Medicine for Electropermeabilization   
 Electric fields have also been used in research for their ability to permeabilize the 
plasma membrane so that normally non-permeant molecules can enter cells, which is a 
process known as electroporation and/or electropermeabilization (Khawaja et al., 2012). 
Early studies conducted by Serpersu, Kinosita Jr., and Tsong (1985) investigating the 
formation of pores in erythrocytes in response to electric fields of 4 kV/cm and 0.5 
microsecond duration found that pore formation could be reversible, and that a longer 
duration of electric stimulation allows entry of oligosaccharides across the membrane. 
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Another study by Chu, Hayakawa and Berg (1987) found that DNA could be introduced 
into mammalian cells by passing through these pores. The transfer of DNA through this 
mechanism eventually resulted in the intracellular expression of protein, which showed 
potential for examining protein function in the laboratory (Nishiyama et al., 2012). In the 
clinic, applications include treating muscle disorders by inserting corrected gene products 
(Lucas and Heller, 2001; Molnar et al., 2004).  Another clinical use of 
electropermeabilization was to enhance the uptake of chemotherapeutic agents into 
tumors (Hofmann et al., 1999). Thus, electric fields have advanced medicine in 
applications that involve electropermeabilization. 
Duration of Electric Pulses 
 Depending on the particular application, electric pulses used in medicine and 
research range from microseconds to milliseconds in duration and are delivered at 
varying rates and electric field intensities. However, recent advances in electric pulsed 
power technology made it now possible to deliver electric pulses of nanosecond duration 
to biological targets. The energy from these short duration pulses becomes distributed 
inside the cell instead of the plasma membrane when microsecond and millisecond 
duration pulses are applied, resulting in the formation of nanopores in the membranes of 
intracellular organelles, as opposed to electric field-induced permeabilization of the 
plasma membrane. Beebe and Schoenbach (2005) suggested that the use of such 
ultrashort duration electric pulses could evoke intracellular responses, a new way to elicit 
effects in cells. 
 In support of this idea, Beebe et al. (2002; 2003) showed that electric pulses 
ranging from 10 to 300 ns were capable of intracellular manipulation. Specifically, 
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nanosecond pulses were found to induce apoptosis in human Jurkat cells, a finding that 
suggested the potential for these pulses to be used to kill cancer cells and inhibit tumor 
growth. In another study exploring how cells respond to these ultrashort electric pulses, 
Vernier et al. (2003) subjected human Jurkat cells to pulses less than 30 ns in duration 
and greater than 1 MV/m. These electric pulses resulted in the release of calcium ions 
from intracellular stores (calcium bursts). This effect on intracellular calcium levels has a 
variety of implications. For example, Zhang et al. (2008) showed that when platelets 
were subjected to a 300 ns pulse, calcium was released from intracellular stores, resulting 
in accelerated platelet aggregation. This finding suggested another potential application 
of nanosecond pulses, enhancing wound healing. The search for other potential 
applications of nanosecond pulses continues. 
Investigation of Nanosecond Electric Pulses on Excitable Chromaffin Cells  
  The studies described above exploring effects of nanosecond electric pulses 
focused mainly on nonexcitable cells. More recent findings using excitable neural-type 
cells, such as bovine chromaffin cells, pointed to yet another potential application of 
nanosecond pulses, neuromodulation. Chromaffin cells synthesize, store and release the 
catecholamines EPI and NE and serve as a good model system for studying the calcium-
dependent mechanisms involved in triggering exocytosis (Tischler 2002), the process by 
which neurotransmitter release occurs. When chromaffin cells were subjected to a single 
5 ns, 5 MV/m electric pulse, there was a rise in intracellular calcium that was of sufficient 
magnitude to evoke catecholamine release (Craviso et al., 2009). The rise in intracellular 
calcium was due to influx of calcium into the cells through voltage-gated calcium 
channels (Craviso et al., 2009; 2010). How such an ultrashort electric pulse interacted 
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with the plasma membrane to cause activation of voltage-gated calcium channels remains 
to be determined. Nevertheless, there were no deleterious cellular effects due to the pulse.  
 Further studies by Craviso et al. (2012) investigated the response of chromaffin 
cells to the application of multiple pulses. Based on calcium imaging results, it was 
determined that the cells can respond to multiple pulses by undergoing an increase in 
intracellular calcium each time a pulse was applied. However, after five pulses delivered 
at either low (1 and 10 Hz) or high (1 kHz) rates, the cells lost their ability to respond to 
subsequent stimulation. In other words, the cells had become refractory, with no evidence 
of adverse cellular effects. Still to be determined is the mechanism responsible for the 
refractory period, as well as a determination of the length of time necessary for cells to 
recover fully.  Also, it is unclear whether the cells experience adverse effects at later 
times after exposure to multiple nanosecond electric pulses. Such optimal pulse 
parameters for reproducibly stimulating release of these catecholamines have not yet 
been defined. This study was narrower in scope, and assessed the effects of pulse number 
and pulse repetition rate when delivering multiple 5 nanosecond pulses on NE and EPI 
release. 
Methodology 
 To address the goal of assessing the effects of single and multiple 5 ns, 7 MV/m 
pulses on NE and EPI release, pulses were delivered to chromaffin cells in 
electroporation cuvettes using a pulse generator. Catecholamine release was analyzed 
using high performance liquid chromatography coupled with electrochemical detection. 
The goal was to determine if there was a positive correlation of pulse number and pulse 
rate on catecholamine release at 37°C. 
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Chromaffin Cell Cultures 
 Adrenal chromaffin cells were isolated from fresh bovine adrenal medullas and 
maintained in suspension culture in a humidified cell culture incubator (36.5°, 5% CO2-
95% air) using the method described by Waymire et al. (1983), and modified by Hassan 
et al. (2002). Cells were plated by Dr. Craviso in 100 mm plastic Petri dishes at a density 
of 1 x 105 cells per ml in Ham’s F-12 medium containing 10% (v/v) calf serum, 100 
units/ml penicillin, 100 !g/ml streptomycin, 0.25 !g/ml fungizone and 32  !M cytosine 
arabinoside. Because chromaffin cells in suspension culture form large cell aggregates 
and single cells were needed for experiments, the neutral protease dispase, which is 
effective for safely disrupting chromaffin cell aggregates (Craviso, 2004), was added to 
cells the night before the experiment. To obtain a final concentration of 0.8 units/ml 
while conserving the amount of dispase used, the cells from one 100 mm dish were 
transferred to a 60 mm Petri dish. For optimal enzyme activity, 0.2 M CaCl2 was added 
for a final concentration of 1 x 10-5 M.  
Preparing Single Cells for Experiments 
 On the day of an experiment, the cells were gently transferred from the 60 mm 
Petri dish to a 40 ml glass conical tube, and centrifuged at 400 rpm for 10 minutes at 
room temperature to obtain a cell pellet. After aspirating the supernatant fraction, the 
cells were gently resuspended in 10 ml of pre-warmed calcium-magnesium-free balanced 
salt solution (145 mM NaCl, 5 mM KCl, 1.2 mM NaH2PO4, 10 mM glucose and 15 mM 
Hepes, pH 7.40). Single cells were obtained by cycles of gentle trituration and 10 minute 
incubation of the cells at 37°C. The process took about 40-60 minutes. An aliquot of the 
dissociated cells was mixed with an equal volume of 0.3% neutral red (in saline solution) 
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and another aliquot mixed with an equal volume of 0.4% trypan blue (in saline solution). 
Aliquots of each were used to obtain cell counts on a hemocytometer. The neutral red 
positive cells were indicative of the number of chromaffin cells, whereas the trypan blue 
positive cells provided the number of dead cells. During cell counting, the dissociated 
cells were centrifuged at 600 rpm for 10 minutes at room temperature. The estimated 
total number of cells, based on the neutral red count, was used to calculate the amount of 
balanced salt solution (BSS: 145 mM NaCl, 5 mM KCl, 1.2 mM NaH2PO4, 2 mM CaCl2, 
1.3 mM MgCl2, 10 mM glucose, 15 mM Hepes, pH 7.4) to be added to the cell pellet for 
resuspension to achieve a concentration of 50,000 cells/50 !l. The cells were resuspended 
by gentle trituration.  
Testing the Pulse Generator  
 The entire setup for delivering nanosecond electric pulses included a cuvette pulse 
generator, an oscilloscope, a function generator and a HP laptop computer, as shown in 
Figures 1 and 2. Single or multiple pulses were delivered to cuvettes containing cells in 
the MagnePulser designed and fabricated at the University of Southern California Pulsed 
Power lab (http://pulsedpower.usc.edu/). Pulse delivery (pulse number and frequency) 
was controlled by a Tektronix AFG3022 Function Generator interfaced with the 
MagnePulser, and the pulse profiles (intensity and duration) were captured and saved by 
a TekTronix TDS3012B oscilloscope on Tektronix OpenChoice Desktop software 
installed on the HP laptop computer. A pulse profile provided the exact duration of the 
pulse and voltage delivered to the cells (Figure 3). Pulse profiles were saved immediately 
after single or multiple pulses were applied to document the pulse duration and field 




























Figure 1. Schematic diagram of pulse generator setup. The cuvettes were loaded into the pulse 
















Figure 3. Pulse profile for 50,000 cells in 100 !l BSS in a 1 mm gap electroporation 
cuvette. The duration was around 5 nanoseconds, and the field intensity was around 7 
volts.  
 









 Before conducting an experiment, the equipment for exposing cells to nanosecond 
pulses was turned on, and tested at least 20 minutes later to allow sufficient warm-up 
time. Before actual testing, the electrodes of the pulse generator were gently cleaned with 
a cotton-tip moistened with 95% ethanol.  
 An electroporation cuvette containing 100 !l BSS was inserted into the pulse 
generator to test the equipment. A single pulse was generated manually, and a pulse 
waveform appeared on the oscilloscope indicating desirable pulse parameters (~5 ns 
duration, ~7 V) (Figure 3). If these parameters were not met, pulses were manually given 
until the pulse waveform trace showed the appropriate values.  
Cuvette Loading and Delivering Pulses to Cells 
 After resuspension, cell aliquots (50 !l) were quickly, but carefully, pipetted into 
pre-warmed electroporation cuvettes to ensure cell number uniformity without causing 
excessive cell stimulation. The cuvettes were placed in a 37°C heated dry bead bath for at 
least 2 minutes to equilibrate. Temperature was monitored via a thermistor probe placed 
in a dummy cuvette containing 100 !l BSS. The probe monitored the temperature using 
LabView 8 software (National Instruments).  
 Before pulses were delivered to the cells, warm BSS (50 !l at 37°C) was added to 
the cuvettes to achieve a final volume of 100 !l for thorough resuspension of cells. Each 
cuvette was loaded into the pulse generator, and samples were subjected to single or 
multiple pulses. Control samples were not subjected to pulses, but were loaded into the 
pulse generator similarly as the pulsed samples to mimic the motion for handling the 
cells.  
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Immediately after pulses were delivered to the cells, the cuvettes were returned to 
the 37°C dry bead bath for a total of five minutes to allow sufficient time for 
accumulation of released catecholamines into the surrounding BSS. The cuvettes were 
then placed on ice to halt secretion. After at least five minutes, the cells were gently 
stirred on ice with a plastic stirrer to obtain homogeneity of released catecholamine in the 
BSS. The cells were pelleted in the cuvettes by centrifugation at 800 rpm for 10 minutes 
at 4°C. 
Stimulating Catecholamine Release with a Nicotinic Receptor Agonist  
 Initial experiments included exposing cells to the nicotinic receptor agonist 1,1 
dimethyl-4-phenylpiperzinium (DMPP) to serve as a positive control for stimulating 
catecholamine release. Experiments were conducted at both room temperature and at 
37°C. A 5 mM DMPP stock was diluted to a concentration of 40 !M in BSS. This 40 !M 
DMPP solution was added to cuvettes containing 50,000 cells/50 !l BSS to a total 
volume of 100 !l and a final DMPP concentration of 20 !M. The cuvettes were 
incubated for five minutes at either room temperature or 37°C, and then placed on ice for 
five minutes, followed by gentle stirring and centrifugation at 800 rpm for 10 minutes at 
4°C, similarly as for the pulsed samples.  
Preparation of Samples to Measure CA Release and Cellular CA Content by HPLC 
The following methodology was the same for both nanoelectropulsed cells and 
cells treated with DMPP. All steps in preparing the samples for HPLC analysis were 
carried out on ice. After the cells were pelleted in the electroporation cuvettes, a 10 !l 
aliquot of the supernatant fraction was added to a microfuge tube containing 180 !l ice 
cold 0.1 N perchloric acid (PCA) and 10 !l of 3,4-dihydrobenzylamine (DHBA, 0.1 
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!g/ml), a synthetic catecholamine that serves as an internal standard to monitor recovery 
during HPLC. A 30 !l aliquot was analyzed by HPLC (next section) to determine the 
amount of catecholamine released. 
To determine the total catecholamine content of the cells, the remaining 
supernatant fraction (~80 !l) was carefully removed, and 100 !l ice cold 0.4 N PCA was 
added to the cells. The cells were resuspended in the PCA by trituration and were 
transferred to a microtube placed on ice. To retrieve any residual cells, ice old MilliQ 
water (100 !l) was added to rinse the cuvettes, and this rinse was added to the cells in the 
microfuge tube. The cells were lysed via sonication for approximately 30 seconds, 
followed by the addition of 200 !l of ice cold water to the lysed cell samples to dilute the 
PCA to a final concentration of 0.1 N. A 5 !l aliquot of each sample was then added to 
another microfuge tube containing 185 !l ice cold 0.1 N PCA and 10 !l DHBA (0.1 
!g/ml). A 30 !l aliquot was taken for HPLC analysis.  
Analysis of the Samples by HPLC 
 HPLC coupled with electrochemical detection was performed as described by 
Craviso et al. (2003, 2009) using a C-18 column and a mobile phase consisting of 2.8% 
methanol, 50 mM NaH2PO4, 0.24 mM Na2EDTA and 4.5 mM 1-hexanesulfonic acid, pH 
2.6, at a flow rate of 1 ml/minute. A Coulochem III Electrochemical Sensor (ESA) was 
used to select for electroactive compounds eluted from the C-18 column under an optimal 
potential for detecting catecholamines. For electrosensitivity and detection, the 
catecholamines were oxidized at the  electrode of the conditioning cells (Model 5021 at 
300 mV) and measured reductively at the electrodes of the analytical cell (Model 5011 at 
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80 mV and -200 mV). NE, EPI and DHBA were identified as distinct peaks in the HPLC 
chromatogram eluting at specific times after injection (Figure 4). 
 CA standards (0.05, 0.3 and 1.2 ng/30 !l) were run for each experiment and were 
prepared using a CA standard stock solution (0.1 !g/ml) and 0.1 N PCA. A 100 !l 
aliquot of the standards, catecholamine release samples and cellular catecholamine 
content samples were placed into HPLC insertion vials that were placed into HPLC glass 
vials. The glass vials were loaded into a Waters Autosampler, maintained at 10°C, and 30 
!l was injected. Each sample run was completed in 8 minutes and the data were collected 
by Empower software. The remaining samples in the microfuge tubes were stored at -
20°C in case they needed to be rerun. 
Post-Experiment Analysis 
 The standards curves were determined prior to the analysis of the results of the 
HPLC runs. The areas of the peaks from the HPLC chromatograms generated for the 
standards were calculated using Empower software and extracted to Excel using a HPLC 
analysis template modified by Jeremiah Reyes, a student working in the Craviso lab. The 
standard curves typically had a R2 value close to 0.99, which was indicative of the fitted 
trendline having a very close approximation to the values of the standards (Figure 4). To 
analyze the results of the HPLC samples as shown in Figure 5, the areas under the peaks 
were calculated similarly for the standards. The retention times of each peak in the HPLC 
chromatogram were compared for each analyzed sample, and were indicative of the 
specific compound eluting from the HPLC column. The areas of the peaks from the 
chromatograms were extracted to Excel, and the samples were analyzed relative to each 
other and to the prepared standards using the HPLC analysis template. The template 
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contained Release data, Content data, Normalized data, and Percent released data. The 
Release data that showed how much NE and EPI were released were graphed to illustrate 
the comparison of catecholamine released in response to an external stimulus and 
catecholamine release in the absence of a stimulus. The Content data showed the amount 
of catecholamine present in 50,000 cells. A DHBA section in the template measured the 
accuracy of pipetting during the experiment. In determining the Normalized Data, the 
release values were divided by their respective content values (for the same cuvettes), 
which were then averaged. The Percent released data were determined by subtracting the 
average of control data of catecholamine release from each sample and dividing by the 
respective catecholamine content. A t-test was generated for each experiment analysis, 
where values of p ! 0.05 indicated the rejection of any significant differences between 
the samples.  
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Figure 4. Standard curves for CA standards. The R2 values are close to 1. The areas of 
the release and content samples fell within the areas of the lowest and highest standard 
curve areas.  
 
           
Figure 5. Representative HPLC chromatogram showing the separation of 
norepinephrine and epinephrine. The peaks are labeled as “NE” for norepinephrine and 
“EPI” for epinephrine. DHBA served as an internal standard for each sample. The dashed 








 In this study, the effect of pulse number and pulse repetition rate (frequency) on 
catecholamine release was determined. Taken as a whole, the delivery of multiple pulses 
at 1 Hz and 10 Hz stimulated greater NE release and EPI release compared to basal 
values. However, the results obtained were not significant, and were not consistent with 
preliminary findings by Craviso et al. (2009, unpublished observations). 
Effect of DMPP on Catecholamine Release  
 Figure 6 represents the analysis of a single experiment to illustrate how 
catecholamine release was assessed following stimulation of the cells with DMPP. Basal 
values of NE released and EPI released were 20.95 ng/sample ± 1.18 and 100.55 
ng/sample ± 5.44, respectively, indicating that more EPI was released than NE (Figure 
6A). This finding is consistent with the greater proportion of EPI producing cells relative 
to NE producing cells as shown by the catecholamine content results (Figure 6B). 
Analysis of the HPLC data further revealed that catecholamine release slightly increased 
in response to nicotinic receptor stimulation. There was a slight increase in NE released 
(23.96 ng/sample ± 2.09) and in the amount of EPI released (125.70 ng/sample ± 9.26). 
However, when the amount of NE and EPI released was normalized to the cellular 
content of each catecholamine (Figure 6C), which would take into account potential 
variations in cell number, the results showed that increases in only EPI release in 
response to DMPP compared to non-treated cells was statistically significant (p = 0.05; p 
! 0.05). Chromaffin cells released a greater percentage of EPI compared to NE (Figure 















Figure 6. Representative results showing the effect of 20 !M DMPP on 
catecholamine release from chromaffin cells. A) Total amount of NE and EPI released 
per 50,000 cells. B) Total NE and EPI content of the cells. C) The total amount of NE 
and EPI released normalized to the total NE and EPI content of the cells. D) The percent 
of each catecholamine released relative to its respective cellular content. The data 
represent the mean +/- SE of the triplicate samples. The experiment was conducted at 
37ºC. *The EPI release is stimulated significantly more than NE release by DMPP in 6C 
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 The data for Figure 7 represent the combined results of two independent 
experiments carried out at either room temperature or at physiological temperature. 
Because DMPP was used as a positive control to evoke catecholamine release, the goal 
was to practice stimulating cells at room temperature, and then to become familiar with 
stimulating the cells at physiological temperature for later experiments involving the 
delivery of nanosecond electric pulses. Figures 7A and 7B show the total amount of NE 
and EPI released normalized to the total NE and EPI content at 25°C and 37°C, 
respectively. There was an increase in both NE and EPI in response to DMPP at both 
temperatures. However, these increases were not statistically significant at either 
temperature. Figures 7C and 7D show the percent of each catecholamine released 
respective to its cellular content at 25°C and 37°C, respectively. The results show that the 
cells released an equal amount of NE and EPI, which is not consistent with past findings 
























Figure 7. Representative results showing the effect of 20 !M DMPP on 
catecholamine release from chromaffin cells at 25ºC and 37ºC. A) and B) The total 
amount of NE and EPI released normalized to the total NE and EPI content of the cells at 
25ºC and 37ºC, respectively. C) and D) The percent of each catecholamine released 
relative to its respective cellular content at 25ºC and 37ºC. The data represent the mean 
+/- SE of triplicate samples. The data were pooled from 2 independent experiments 

























Catecholamine Release Evoked by One versus Five Pulses 
 Figure 8 shows the combined results for six independent experiments in which 
cells were exposed to one pulse (8A), and two independent experiments in which cells 
were exposed to five pulses at 1 Hz (8B). There was an increase in catecholamine release 
when either a single pulse or five pulses were delivered. More NE was released compared 
to EPI, which supported previous findings. Prior to the delivery of five pulses, the graph 
shows that the cells had been stimulated during the experiment, so the increase in either 
NE or EPI release could not be carefully assessed (Figure 8B). As for one pulse, there 
was a higher percentage of NE released than EPI compared to the total intracellular 



























Figure 8. Representative results showing the effect of a single pulse and five pulses 
on catecholamine release from chromaffin cells at 37ºC. A) and B) The total amount 
of NE and EPI released normalized to the total NE and EPI content of the cells after 
delivery of one pulse and five pulses, respectively. C) and D) The percent of each 
catecholamine released relative to its respective cellular content after delivery of one 
pulse and five pulses, respectively. The data represent the mean +/- SE of triplicate 
samples. The data for one pulse were pooled from 6 independent experiments, and from 2 

























Catecholamine Release Evoked by Five Pulses at Different Frequencies 
 The results showing the effect of five pulses at 1 Hz and 10 Hz on catecholamine 
release are shown in Figure 9. The data were derived from two independent experiments 
carried out at each frequency. There was a greater amount of NE and EPI released in 
response to five pulses compared with one pulse (Figures 9A and 9B). In addition, there 
was a tendency for catecholamine release to correlate better with pulse number at the 
lower frequency. That is, there was a five-fold increase in the amount of NE released 
when five pulses were delivered at 1 Hz, which was consistent with previous findings. A 
higher percentage of NE was released than EPI after the delivery of five pulses at both 1 



























Figure 9. Representative results showing the effect of a single pulse and five pulses  
on catecholamine release from chromaffin cells at 1 Hz and 10 Hz. A) and B) The 
total amount of NE and EPI released normalized to the total NE and EPI content of the 
cells after delivery of one pulse and five pulses, respectively at 1 Hz and 10 Hz. C) and 
D) The percent of each catecholamine released relative to its respective cellular content 
after delivery of one pulse and five pulses, respectively. The data represent the mean +/- 




























Catecholamine Release Evoked by Ten Pulses at Different Frequencies 
 The results showing the effect of ten pulses at 1 Hz and 10 Hz on catecholamine 
release are shown in Figure 10. The data were derived from two independent experiments 
carried out at each frequency. There was a greater amount of NE and EPI released in 
response to ten pulses compared with one pulse (Figures 10A and 10B). However, there 
was no noticeable difference between catecholamine release evoked by ten pulses 
delivered at 1 Hz versus 10 Hz.  In addition, a ten-fold increase was not observed in the 
amount of NE and EPI released after the delivery of ten pulses at either frequency, 
indicating a lack of correlation of catecholamine release with pulse number. A higher 
percentage of NE was released than EPI after the delivery of ten pulses at both 1 Hz and 



























Figure 10. Representative results showing the effect of a single pulse and ten pulses 
on catecholamine release from chromaffin cells at 1 Hz and 10 Hz. A) and B) The 
total amount of NE and EPI released normalized to the total NE and EPI content of the 
cells after delivery of one pulse and ten pulses, respectively at 1 Hz and 10 Hz. C) and D) 
The percent of each catecholamine released relative to its respective cellular content after 
delivery of one pulse and ten pulses, respectively. The data represent the mean +/- SE of 



























Effects of Pulse Number versus Pulse Frequency on Catecholamine Release  
 Table 1 summarizes how pulse number and pulse frequency affect catecholamine 
release. After the delivery of five pulses at 1 Hz, there was a five-fold increase in NE 
release (5.45 ± 1.85) and a three-fold increase in EPI release (3.184 ± 0.776), suggesting 
a correlation with pulse number. The delivery of five pulses at 10 Hz yielded similar 
results, but only for EPI release (4.48 ± 0.078). As a whole, these results are not entirely 
consistent with previous preliminary results showing that a low frequency is more 
effective than a high frequency. The amount of NE and EPI released did not correlate at 
all with ten pulses at either 1 Hz or 10 Hz. The data suggested that more NE was released 
after the delivery of ten pulses at a low frequency of 1 Hz (4.32 ± 2.25) compared to a 
higher frequency of 10 Hz (3.275 ± 1.327). The opposite was observed for EPI release, 
where there was a higher increase of EPI after pulses were delivered at 10 Hz (4.258 ± 
2.46) compared to 1 Hz (2.8 ± 1.25).  
 
Table 1. Comparison of the effect of pulse number and frequency  











Adrenal chromaffin cells serve as an excellent model for studying the effects of a novel 
electric stimulus, high intensity, nanosecond electric pulses, on exocytosis, specifically 
the release of the catecholamines epinephrine (EPI) and norepinephrine (NE). This study 
confirmed that the application of single and multiple 5 ns, 7 MV/m pulses stimulate both 
EPI and NE release from chromaffin cells.  
Experimental Findings 
 The results from this study were not consistent with previous findings. Craviso et 
al. (2009) reported that there was higher NE release than EPI release in response to 
DMPP stimulation of the cells. However, the data obtained indicated similar NE and EPI 
release (Figure 7C and 7D). Another observation from this study that contrasted with 
previous findings was that there was no difference in the amount of catecholamine 
released when multiple pulses were delivered at 1 Hz or 10 Hz (Table 1). Previous 
preliminary studies showed that high frequency is less effective for evoking 
catecholamine release than low frequency. A positive correlation was only found once 
with the delivery of five pulses at 1 Hz, where there was a five-fold increase in NE 
released, and about a 3-fold increase in EPI released at low frequency (Table 1). Also, the 
amount of NE and EPI release did not correlate well with pulse number at either 
frequency when 10 pulses were delivered. Overall, the results were not statistically 
significant, suggesting that similar experiments should be repeated in the future to obtain 
reproducible results. 
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 The application of a nicotinic receptor agonist with 20 $M DMPP served as a 
positive control for stimulating catecholamines. There was also an increase in both NE 
and EPI release in response to this drug. However, these results were not significant.  
Experimental Error  
 The data obtained from this study were variable between individual experiments. 
In addition, most experiments did not produce statistically significant data because 
triplicate samples were not consistent. This variability was attributed to inaccurate 
pipetting of aliquots of the solutions necessary for preparing samples and for HPLC 
analysis, such as DHBA, 0.1 N PCA and 0.4 N PCA. Pipetting aliquots of the supernatant 
fraction was also a possible flaw, resulting in inaccurate catecholamine release analysis. 
Another common error seen during the course of this study was the stimulation of cells 
before delivering a stimulus. This may have been due to harsh trituration when 
dissociating the cells, resulting in early catecholamine release. Possible stimulation of the 
cells before exposure to either DMPP or a nanosecond electric pulse was determined at 
the end of the experiment, during HPLC analysis. It was not possible to assess pre-
stimulation during an experiment. Careful precautions should be directed at pipetting 
carefully and accurately, as well as slowly triturating of the cells during dissociation to 
prevent any cell stimulation, which would cause cells to release catecholamines before 
exposure to a stimulus.  
Future Directions 
 The original specific objectives presented in this study were limited due to time 
constraints, as the fall semester was dedicated to learning how to properly handle 
chromaffin cells (dissociating them from the cell aggregates that form in culture), reliably 
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measuring catecholamine release which entails careful pipetting and mastering HPLC, as 
well as mastering other techniques (cell exposure to nanosecond pulses). Actual 
experiments were conducted during the spring semester. This study analyzed the effects 
of pulse number and pulse rate on catecholamine release, but as indicated above, there 
were technical problems. As a result, the pulse parameters involving the refractory 
response and reproducible catecholamine release have not yet been adequately defined. 
 Future studies should be directed at determining how nanosecond pulses (pulse 
number and pulse frequency) can be applied for repeatedly stimulating catecholamine 
release in the absence of adverse cellular effects. This determination should also include 
establishing the shortest interval between pulses for full recovery of the secretory 
response to occur. Investigating the use of this novel electric stimulus will advance the 
understanding of electromodulation approaches to modulate exocytosis and hence 
neurotransmitter release. It is hoped that future studies will contribute to the development 
of minimally invasive/non-invasive electrostimulation technologies to replace highly 
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